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cytoplasmic tail and prevents their 
internalization and degradation. 
Similarly to β-catenin, unbound 
p120ctn can translocate to the 
nucleus where it binds Kaiso, a zinc 
finger transcription factor that acts 
as a transcriptional repressor. Once 
bound to Kaiso, p120ctn relieves 
the repressor activity of Kaiso by 
dissociating it from its sequence-
specific binding sites. As with 
β- catenin, Wnt signaling stabilizes 
p120ctn. Unbound p120ctn also 
functions as a regulator of cell motility 
by modulating the activity of Rho 
GTPases.
Plakoglobin is homologous to 
β- catenin and binds to the same 
region of the cadherin tail. Plakoglobin 
is highly enriched in desmosomes — 
specialized junctional adhesion 
structures found in epithelia. But, in 
cells that do not have desmosomes, 
such as endothelial cells, plakoglobin 
is mostly found at AJs. It is not clear 
whether plakoglobin can participate 
in Wnt signaling in the same way 
as β- catenin, but it may have 
transcriptional activity and participate 
in other signaling pathways. 
α-catenin is a dynamic regulator 
of the actin cytoskeleton. For a long 
time α-catenin has been considered to 
bridge AJs to the actin cytoskeleton 
through direct interactions with both 
β-catenin and F-actin. This idea has 
recently been challenged by the 
observation that its binding to F-actin 
and β-catenin is mutually exclusive. 
Therefore, the physical bridge between 
AJs and actin remains to be defined. It 
is possible that it is mediated by other 
actin-binding proteins present at AJs, 
such as Eplin (epithelial protein lost 
in neoplasm), vinculin, formin-1 and 
α- actinin, or that α-catenin influences 
the actin cytoskeleton indirectly. 
Can you live without adherens 
junctions? Given the breadth of their 
functions, it is not surprising that 
the lack of AJ components is not 
compatible with life. During mammalian 
development two epithelial cell layers 
are initially formed: the trophectoderm 
at the blastocyst stage and the 
ectoderm at the egg cylinder stage. 
E-cadherin and β-catenin null embryos 
display an early lethality due to primary 
defects in these first morphogenetic 
events. Deletion of N-cadherin, 
VE- cadherin, plakoglobin or α-catenin 
also leads to embryo lethality, but at 
later stages of development. 
How can AJs transfer signals? 
AJs can signal in different ways: they 
can bind to growth factor receptors 
and modulate their internalization 
and downstream pathways; they can 
activate signaling mediators, such 
as phosphatidylinositol 3-kinase 
or small GTPases; and they can 
recruit transcriptional co-factors, 
such as β-catenin or p120ctn, at 
the cell membrane and, in this way, 
negatively control their nuclear 
translocation.
How can AJs be regulated? 
Permeability-increasing agents or cell 
migration may dismantle AJs. This 
phenomenon may be mediated by the 
phosphorylation of tyrosine residues in 
cadherins and catenins which reduces 
the strength of their reciprocal 
interaction and the association with 
the actin cytoskeleton. Furthermore, 
the number of cadherin molecules  
on the cell surface may be reduced by 
cleavage or internalization.
Are AJs also dynamic structures 
in resting cells? An emerging 
concept is that intercellular 
junctions are dynamic structures 
that undergo remodeling not only 
during morphogenesis in the 
embryo or upon cell exposure to 
permeability-increasing agents but 
also in resting cells. A continuous 
recycling of adhesive proteins and 
signaling partners may occur at 
AJs. Cadherins move along the cell 
contacts and present a continuous 
flow-like movement in a basal-to-
apical direction which is accompanied 
by actin reorganization. This confers 
a dynamic configuration to AJs, 
allowing them to adapt continuously 
to tissue requirements. 
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Drosophila oogenesis was initially 
studied for its role in patterning 
the embryo, but it has since 
become a powerful model system 
for investigating many aspects of 
cell and developmental biology. Its 
usefulness can be attributed partly to 
the genetic tractability of Drosophila 
as a model system; however, it is 
also one of the most intensively and 
successfully studied stages in the 
development of this model organism. 
The development of a single stem 
cell into a mature egg requires 
almost every cellular process that 
can occur during development — 
from cell cycle control and fate 
specification to cell polarisation 
and epithelial morphogenesis. 
Hence a system that appears 
relatively simple on the surface 
can provide insights applicable to 
more complex processes, such as 
vertebrate development and disease 
progression. 
Another useful facet of Drosophila 
oogenesis is practical. The ovary 
is the single largest organ in the 
female fly and the oocyte the single 
largest cell; however, the ovary is 
not essential for survival, allowing 
for extensive manipulation. A 
single ovary contains every stage 
of development from stem cell to 
mature egg, and each egg chamber 
contains both somatic and germline 
cells, allowing easy comparison. The 
aim of this primer is to introduce 
the main events of oogenesis and 
illustrate the ingenious ways in which 
these have been used to study key 
features of cell behaviour.
Oogenesis
A female Drosophila has two 
ovaries made up of approximately 
18 ovarioles, each of which can 
be effectively considered an egg 
production line. The germarium, 
containing somatic and germline 
stem cells, is at the anterior end 
of the ovariole. Egg chambers bud 
off and mature as they pass down 
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as mature eggs competent for 
fertilisation. Oogenesis takes roughly 
a week and has been arbitrarily 
divided into 14 stages based on 
morphological criteria (Figure 1A). 
Stage one is budding of the egg 
chamber from the germarium, and 
stage 14 is the mature egg.
The germarium
The germline stem cells lie at the far 
anterior of the germarium in contact 
with a somatic structure known as 
the terminal filament (Figure 1B). 
These divide asymmetrically to 
produce another stem cell and 
a daughter cell, which begins to 
differentiate. The daughter cell 
undergoes four mitotic divisions 
with incomplete cytokinesis to form 
a cyst of 16 cells interconnected 
by cytoplasmic bridges known 
as ring canals. The orientation of 
these divisions is controlled by 
the fusome, a branched structure 
composed of a continuous 
endoplasmic reticulum surrounded 
by cortical cytoskeletal components 
and microtubules. This ensures that 
each cyst contains eight cells with 
one ring canal, four with two, two 
with three and two with four ring 
canals. One of these 16 cells will 
differentiate as the oocyte, while 
the others become polyploid nurse 
cells, synthesising nutrients and 
cytoplasmic components to be 
transported into the oocyte. The 
oocyte is the only cell within the cyst 
that will progress through meiosis; 
it arrests during prophase I before 
exiting the germarium and does not 
continue until the mature egg is laid 
and activated. 
Determination of the oocyte 
occurs gradually as the cyst travels 
through the germarium. Cell-fate 
markers, along with markers of 
meiotic chromosome pairing, 
become restricted to the two cells 
containing four ring canals — known 
as pro- oocytes. By the time the cyst 
has been enveloped by somatic 
follicle cells, these markers have 
been restricted to a single cell, which 
will become the oocyte. When the 
cyst then enters region II it flattens 
and centrosomes, mitochondria, 
golgi vesicles, various proteins and 
RNA coalesce at the anterior of the 
oocyte to form a Balbiani body. As 
the follicle cells migrate inwards to 
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Figure 1. The ovariole.
An ovariole (A), expressing GFP tagged Staufen (green) and stained, with phalloidin, for actin 
(red). (Image courtesy Vitaly Zimyanin.) The germarium to the left; egg chambers become more 
mature moving to the right. Illustration of the germarium (B), showing the stem cells (yellow), 
which divide to produce a daughter cystoblast (blue). The daughter divides incompletely to 
 produce a cyst of 16 cells (blue) joined by actin-rich ring canals (red), with a continuous fusome 
(grey). As the cyst matures it moves along the germarium and is surrounded by somatic follicle 
cells (green), which intercalate and pinch it off to form a discrete egg chamber. Columnar follicle 
cells (C), illustrating their polarised membrane domains, apical (orange), adherens junction (dark 
green) and basolateral (yellow), and cytoskeleton, with Actin (red) and microtubules (grey). the oocyte always coming to rest 
at the posterior. Finally, the oocyte 
itself polarises, with the centrosomes 
and a subset of proteins and RNAs 
specifically localised to the posterior. 
At the same time the DNA within 
the oocyte nucleus condenses into 
a compact structure known as the 
karyosome [1]. 
Stem cells
The identification of vertebrate stem 
cells in vivo has proved challenging, 
because of a lack of unambiguous 
markers, high tissue complexity and 
their low relative abundance. The 
relative simplicity of the Drosophila 
germarium makes it straightforward 
to identify and study the behaviour 
of ovarian stem cells in their niche. 
The germarium contains two 
different types of stem cell: the 
relatively well studied germline 
stem cells, residing in a stromal 
niche, and the follicular stem cell 
in their epidermal niche. The two 
or three germline stem cells within 
each germarium are located at the 
anterior tip, in close contact with 
an equal number of somatic cap 
cells, to which they are attached via 
adherens junctions (Figure 1B). The cap cells produce BMP 
ligands, which activate receptors 
in the germline stem cells. 
The downstream outcome of 
this signalling is to suppress 
transcription of a gene called bam. 
When a stem cell divides, the 
daughter closest to the cap cell 
receives the BMP signal, suppresses 
bam expression and remains within 
the niche as a stem cell. The non-
contacting daughter does not 
receive this signal and produces 
Bam protein, which initiates 
differentiation into a cystoblast and 
eventually an egg. In bam mutants 
daughter cells fail to differentiate 
and continue to divide, producing 
ovarian tumours. 
Work on this system has also 
shown how dynamic the stem-cell 
population can be. For example, if 
one stem cell is lost, a neighbour can 
change its axis of division such that 
both daughters are in contact with 
cap cells, producing an extra stem 
cell. Recent work on follicle stem 
cells has shown that anchoring to 
the extracellular matrix by integrins 
is critical for their maintenance. 
Further, it was shown that these 
stem cells secrete the extracellular 
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helping to form their own niche [2,3].
Cell-cycle control
Checkpoints are an essential 
component of cell-cycle control, 
ensuring that transition to the 
next phase only occurs when the 
previous one is complete and hence 
safeguarding genome stability. An 
important characteristic of meiosis is 
recombination between homologous 
chromosomes. This requires the 
formation of synapses between 
homologues and double-strand 
breaks, which must be correctly 
resolved before the cell progresses 
through meiosis to produce 
gametes. In Drosophila, meiotic 
synapses form in several cells of 
the 16 cell cyst and are gradually 
restricted to the oocyte. Mutations in 
components of the well-conserved 
double- strand break repair 
machinery lead to the persistence of 
double-strand breaks and activation 
of the meiotic checkpoint. This 
produces a ‘spindle’ phenotype, 
in which the restriction of meiosis 
and karyosome condensation are 
delayed and the resulting eggs are 
ventralised.
These features have been 
exploited to perform forward genetic 
screens for new components of the 
double-strand break repair pathway 
and meiotic checkpoint mechanism. 
More recently, the Drosophila 
homologue of the tumour suppressor 
and breast cancer susceptibility 
gene, BRCA2, was found to be 
required for double-strand break 
repair during both mitosis and 
meiosis. Interestingly, BRCA2 
is required for activation of the 
meiotic recombination checkpoint, 
suggesting that BRCA2 allows 
coordination of cellular responses to 
DNA damage [4]. 
MicroRNAs 
Screening for ‘spindle’ mutants 
identified a group of genes that act 
independently of the recombination 
machinery. In such mutants, there 
is an apparent increase in the 
number of double-strand breaks and 
morphological defects characteristic 
of meiotic checkpoint activation. 
However, suppression of meiotic 
recombination in these mutants does 
not stop the formation of breaks, 
suggesting the activity of a new and 
independent pathway. Members of 
this group were all found to act in a 
pathway responsible for generating 
Piwi-interacting RNAs (pi-RNAs), a 
class of small (24 to 30 nucleotide), 
non-coding RNAs often derived from 
transposons and repeat associated 
elements. 
These microRNAs are crucial for 
correct development of both  
male and female germlines in 
Drosophila, and recent genetic 
studies in mice and zebra fish 
suggest that their role is conserved 
in these species. Loss of pi-RNAs 
is associated with significant over 
expression of retrotransposons, and 
it is possible that the double-strand 
breaks observed are caused by 
increased transposon mobilisation. 
They could also have a role in 
establishing damage resistant 
chromatin structures or protecting 
telomeres [5].
Separation and polarisation  
of the egg chamber
The formation of a discrete, 
correctly polarised and patterned 
egg chamber is characterised by a 
series of cell–cell signalling events 
between the germline and the soma 
and between different populations of 
somatic cells. Interestingly, the same 
well-conserved signalling pathways, 
such as the Notch/Delta and JAK/
STAT pathways, are employed 
multiple times during the course 
of egg chamber development. It 
is critical that polarity is correctly 
defined and maintained in the 
oocyte, as this will determine the 
body axes of the embryo. Similarly, 
the somatic follicle cells must be 
correctly patterned to form both an 
intact eggshell and important extra-
embryonic structures, such as the 
dorsal appendages.
The earliest known induction 
event is a Delta signal given out by 
the germline cyst as it buds from 
the germarium (Figure 2A). This 
induces the adjacent anterior follicle 
cells to differentiate into polar cells, 
which express the JAK/STAT ligand 
Unpaired. This induces the follicle 
cells immediately anterior to the 
polar cells to become stalk cells, 
which intercalate and pinch off the 
egg chamber from the germarium. 
Stalk formation induces the follicle 
cells anterior to it, which contact the 
neighbouring younger germline cyst, 
to upregulate E-cadherin. This allows 
them to adhere preferentially to the 
oocyte in the younger cyst, thereby 
positioning it posterior to the nurse 
cells, which is the first symmetry-
breaking step in oogenesis. During 
this time, the younger cyst has been 
moving through the germarium and 
can now induce the follicle cells to 
its anterior, beginning the process 
again. Thus, oocyte position and 
subsequently polarity are transmitted 
from one cyst to the next by a relay 
mechanism. 
The egg chamber, consisting 
of 15 nurse cells and the oocyte 
surrounded by a single layer 
follicular epithelium, now begins 
to increase in size. The nurse cells 
synthesise nutrients, proteins 
and RNAs, many of which are 
transported into the oocyte, and 
the follicle cells proliferate. This 
proliferation is halted at around 
1,000 cells by Notch activity, in 
response to a second Delta signal 
from the germline. The cells switch 
to endoreplicative cycles and 
become competent to respond to 
subsequent inductive signals. The 
anterior and posterior polar follicle 
cells continue to secrete Unpaired 
and this induces ‘terminal’ fate in 
the surrounding cells (Figure 2B). 
Recently, the Hippo pathway has 
also been shown to act, parallel to 
the Notch signal, in the posterior 
follicle cells to stop proliferation and 
ensure correct maturation. 
By this stage, the oocyte has 
already undergone an initial 
polarisation event. Microtubule 
minus ends, which nucleate from 
a diffuse microtubule organising 
centre, along with the nucleus, 
gurken RNA and Gurken (Grk) 
protein are all localised to the 
posterior end of the oocyte. The 
EGF-like protein, Grk, signals to 
the closest follicle cells inducing 
‘posterior’ identity (Figure 2C). These 
cells then send back an unidentified 
signal, which triggers repolarisation 
of the oocyte. Microtubule minus 
ends are lost from the posterior and 
nucleate instead along the lateral 
and anterior cortex. Plus ends 
initially accumulate in the middle 
of the oocyte, but later become 
focused at the posterior. This then 
directs the localisation of bicoid and 
oskar mRNAs to the anterior and 
posterior of the oocyte, respectively, 
to define the anterior-posterior axis 
of the embryo. At the same time, 
the oocyte nucleus and gurken 
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of the oocyte, where Grk signals a 
second time to polarise the dorsal-
ventral axis of the egg and embryo 
(Figure 2C,D) [6,7]. 
Oocyte polarisation
Although the signal that triggers 
repolarisation remains a mystery, a 
highly conserved polarity cassette 
acts downstream of this initial 
event to establish and maintain 
cortical polarity. At the heart of this 
cassette are the Partition defective 
or Par proteins. These were initially 
identified by genetic screening, 
as mutants that disrupt the 
asymmetric first cell division of the 
Caenorhabditis elegans zygote. Par 
homologues have since been found 
to mediate cell polarisation in a 
variety of cell types in all metazoans 
investigated.
The first sign of oocyte 
repolarisation is the enrichment 
of Par-1 at the posterior, which 
occurs prior to nuclear migration. 
Posterior enrichment is a critical 
step, as manipulating the levels 
or localisation of Par-1 disrupts 
oocyte polarisation. The key players 
downstream of this are Lgl, which 
acts with Par-1 at the posterior 
end, and Bazooka/Par-3, Par-6 and 
aPKC, which act at the anterior end 
and laterally (Figure 2C,D). Par-1 
phosphorylates Bazooka (Baz), 
which triggers the recruitment 
of 14- 3-3/Par-5 and disrupts the 
Baz/Par-6/aPKC complex, excluding 
Baz from the posterior. Similarly, 
aPKC can phosphorylate Lgl to 
inactivate it and exclude it from 
lateral membranes. Lgl has a role 
in the localisation of Par-1 and 
therefore this could prevent Par-1 
moving laterally. It has been shown 
in mammalian cells that aPKC 
can directly inactivate Par-1 by 
phosphorylation, which could also 
limit Par-1 spreading. 
A picture is emerging, similar 
to that seen in other contexts, of 
an initial polarising signal that is 
amplified and stabilised by a series 
of mutually antagonistic interactions 
to establish cortical polarity. 
Interestingly, null mutations in all 
of these genes, except for par-1, 
give only partially penetrant oocyte 
polarity defects. This suggests 
that there are additional redundant 
components and mechanisms, which 
have yet to be discovered.
Cytoskeletal polarity and RNA 
localisation 
Exactly how cortical polarity directs 
polarisation of the underlying 
microtubule cytoskeleton remains 
mysterious. Surprisingly, recent live 
imaging of oskar mRNA particles 
moving along microtubules has 
shown that the microtubule 
cytoskeleton is only weakly 
polarised, with a slight excess 
of plus ends pointing posteriorly. 
This is sufficient, however, for the 
plus-end- directed motor kinesin 
to localise all of the mRNA to 
the posterior through a biased 
random walk. 
The microtubule cytoskeleton 
also directs bicoid mRNA to the 
oocyte anterior and gurken mRNA 
to the dorsal/anterior corner 
(Figure 2D). The localisation of both 
mRNAs depends on the minus-end-
directed motor dynein, and it has 
been proposed that bicoid mRNA 
only moves along microtubules 
that emanate from the anterior 




















Figure 2. Polarisation. 
The first polarisation event during egg chamber development occurs in the germarium and 
stage 1 (A). The posterior egg chamber (right) induces polar follicle cell differentiation (dark 
green) by secreting Delta (arrow 1). These induce stalk cell differentiation by secreting Un-
paired (arrow 2). This induces E-Cadherin upregulation (orange lines, arrow 3), which positions 
the oocyte of the neighbouring cyst. By stage 5 (B) a second Unpaired signal from the polar fol-
licle cells has induced their neighbours to become terminal follicle cells (dark orange). gurken 
RNA (yellow) and protein are present at the oocyte posterior. By stage 7 (C) the posterior Gurk-
en has induced the nearest terminal cells to become posterior follicle cells (light green). These 
induce oocyte repolarisation, with Par-1 and L(2)gl at the posterior (red) and Par-3/Baz anterior 
and laterally (light orange). The oocyte nucleus (dark blue) moves to an anterior lateral position. 
During stage 9 (D) oskar (purple) and bicoid (dark red) RNAs accumulate at the posterior and 
anterior, respectively. The follicle cells (green) rearrange to contact the oocyte and the border 
cells (dark orange) migrate between the germline nurse cells towards the oocyte.
nucleated laterally, whereas gurken 
mRNA is also transported to the 
anterior, but then moves along 
microtubules that are nucleated 
from the nuclear envelope. This 
has led to the idea that the oocyte 
contains several different ‘flavours’ 
of microtubules, which the mRNA 
transport complexes distinguish 
between. 
The oocyte provides an excellent 
model system for identifying 
RNA- binding proteins that mediate 
mRNA localisation. Squid/Hrp40 
is specifically required for the 
movement of gurken mRNA to the 
dorsal side of the nucleus, and 
also plays a role in gurken mRNA 
anchoring and translation. The 
localisation of oskar mRNA, on 
the other hand, depends on the 
exon- junction complex, which 
is recruited to the mRNA during 
splicing, as well as Hrp48 and the 
double-stranded RNA-binding 
protein Staufen, each of which is 
responsible for a different step in the 
localisation pathway. 
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bcd localisation at the anterior 
also depends on different proteins 
at specific stages: Exuperantia is 
required for all stages, whereas 
Swallow and members of the 
γ-tubulin ring complex nucleate 
a specific population of short 
anterior microtubules that are 
required for localisation after 
stage 10A. Although bicoid mRNA 
is continuously transported to 
the anterior end during most of 
oogenesis, it is ultimately anchored 
to the cortical actin cytoskeleton. 
This depends on Staufen and the 
ESCRT II complex, which in addition 
to its role in endocytic trafficking, 
binds specifically to bicoid 3’ 
untranslated region [8,9]. 
To achieve localisation of the 
protein product of an mRNA, 
translation must also be spatially 
regulated, and the translation of 
both gurken and oskar mRNAs is 
repressed until they are localised. 
This requires the binding of Bruno 
to repressor elements in each RNA, 
which recruits the EIF4E-binding 
protein Cup to repress initiation. 
Regulation of polyA tail length also 
appears to be involved in mRNA 
silencing in this context. However, 
the mechanism by which silencing 
is relieved when the mRNAs have 
reached their correct locations 
remains mysterious.
Pole plasm
The pole plasm, or germ plasm, is 
a specialised region of cytoplasm 
that forms at the posterior end of the 
oocyte in response to the presence 
of Oskar. It contains specific 
proteins, mRNAs, mitochondria and 
large ribosome-rich particles known 
as polar granules. The pole plasm 
is required for abdominal patterning 
and is both necessary and sufficient 
for germ cell formation. The 
generation of germ-line cells from 
regions of specialised cytoplasm 
has been shown in a variety of 
organisms, including C. elegans and 
zebrafish, and it has been suggested 
that the underlying mechanism of 
germline specification may also be 
conserved. Although the function 
of polar granules within the pole 
plasm remains unclear, they may act 
to store and protect translationally 
silent maternal mRNAs until  
they are required during 
embryogenesis [10,11].
Epithelial polarity  
and morphogenesis 
Epithelia perform essential functions 
in all animals, acting as barriers 
between different compartments and 
undergoing complex cell movements 
to drive morphogenesis. The function 
of epithelial cells depends on their 
polarisation along the apical-basal 
axis, loss of this polarity has been 
implicated in tumour development. 
The large size, simple structure and 
stable polarity of main body follicle 
cells makes them ideal to study how 
epithelial polarisation is established 
and maintained. However, 
subpopulations of follicle cells 
undergo complex cell movements, 
including invasion, flattening and 
tube formation, hence epithelial 
morphogenesis can also be studied 
in this system. 
During the early stage of 
oogenesis, the follicle cells form 
a simple cuboidal epithelium. 
Individual cells have a distinct 
apical-basal polarity, with an 
apical domain containing both the 
Baz/Par- 6/aPKC complex and the 
Crumbs/Stardust/DPATJ complex. 
The basolateral domain is defined 
by the presence of the Scribble/
Discs Large complex and Par-1. The 
underlying cytoskeleton of these 
cells is also highly polarised, with 
microtubule minus ends nucleated 
apically and plus ends stabilised 
basally. The actin cytoskeleton is 
tightly bundled into microvilli in 
apical regions and organised into 
highly polarised parallel arrays 
basally (Figure 1C). These cells 
have a distinct basal domain, which 
contacts the extracellular matrix of 
the basement membrane, marked by 
Dystroglycan and dPak. 
Genetic screens and candidate 
approaches have been used 
successfully to investigate the 
mechanisms that establish and 
maintain cell polarity. Several 
alleles of dynein were found in 
such a screen and it was shown to 
transport the mRNAs of Stardust 
and Crumbs to the apical region. 
Other studies have revealed the links 
between polarisation, cell growth 
and proliferation. For example, 
the tumour suppressor LKB1 was 
found to regulate cell polarity via 
phosphorylation of adenosine 5’ 
monophosphate-activated kinase 
(AMPK). Interestingly, polarity 
defects were only observed under 
conditions of energetic stress, 
indicating the existence of a novel 
low energy polarity pathway [12]. 
Roughly halfway through 
oogenesis, six to eight border 
follicle cells at the anterior of 
the egg chamber undergo a 
partial epithelial to mesenchymal 
transition and migrate between 
the nurse cells to the anterior 
border of the oocyte (Figure 2D). 
When they reach the oocyte, they 
turn and migrate over its surface, 
coming to rest near the nucleus. 
This epithelial-to- mesenchymal 
transition is induced by JAK/STAT 
and Ecdysone signalling. Secretion 
of Unpaired by the anterior polar 
follicle cells induces expression of 
the transcription factor slow border 
cells in their neighbours, which is 
both necessary and sufficient for 
migration. The timing of migration 
is controlled via the binding of 
ecdysone hormone to the receptor 
Taiman. 
Border cell migration has been 
proposed as a good model of 
metastasis in certain types of cancer. 
In support of this idea, it has been 
shown that human homologues of 
proteins required for border cell 
migration are also necessary for 
the dissemination of human ovarian 
cancer cells. The route of migration 
is controlled by receptor tyrosine 
kinases: the EGF receptor and the 
PDGF/VEGF receptor. Migration 
has been mostly studied in single 
cells and, although the movement 
of groups of cells is important in 
both development and metastasis, 
it remains poorly understood. 
The recent development of ways 
to image border cell migration in 
living egg chambers make this an 
excellent system to study such 
cell behaviours, and have already 
revealed how a group of cells can 
move in different ways in response to 
distinct environmental cues [13,14].
As the border cells migrate, the 
other follicle cells also reorganise. 
The majority convert from cuboidal 
to columnar and move posteriorly to 
envelop the oocyte, while the most 
anterior cells become squamous 
and flatten over the nurse cells. After 
this, the most anterior columnar 
follicle cells migrate inwards 
between the nurse cells and oocyte 
to cover its anterior surface. This 
is necessary for the follicle cells to 
form a shell that encompasses the 
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All the experiments were performed 
using a colony of Anopheles stephensi 
reared since 1985 at University of 
Camerino. Mosquitoes were maintained 
at standard aseptic conditions of 
30°C and 95% humidity. Larvae were 
grown in tanks filled with distilled water 
containing sterile minced commercial 
mouse food. Adult male mosquitoes 
were fed with sugar solutions containing 
one of the two different recombinant 
strains of Asaia, labelled respectively 
with Gfp or DsRed fluorescent 
proteins, constitutively expressed from 
genes carried on a plasmid or on the 
chromosome. The generation of GFP-
tagged strain SF2.1(GFP) has already 
been described [1] and was based on 
the use of a plasmid carrying a KanR   
gene cassette that confers resistance 
to kanamycin. Strain SF2.1(DsRed) 
was generated with the purpose of 
having stably labelled bacteria after 
introducing the marker gene into the 
bacterial chromosome by insertion of 
a mini-Tn5 gene cassette containing 
the dsRed gene by conjugation and 
transposition as described in [5]. Strain 
SF2.1(DsRed) indefinitely retained the 
DsRed cassette without any antibiotic 
selective pressure.
Two sets of experiments were 
performed in duplicates for each of the 
two recombinant strains, SF2.1(GFP) 
or SF2.1(DsRed). Prior to mating, 
male mosquitoes were fed with sugar 
solution containing a concentration 
of 108 recombinant bacterial cells per 
millilitre. Forty-eight hours after sugar 
feeding, they were transferred to a cage 
containing virgin females, separated 
from males at the pupal stage. To avoid 
symbiont transfer by co-feeding, no 
food was provided. Males and  
females were left free to mate for  
48 hours. Females were then transferred 
into a different cage for blood feeding 
and oviposition. Eggs were permitted 
to develop into adults, and the 
resulting males and females were 
carefully analysed by both fluorescent 
microscopy (IX71, Olympus, Melville, 
NY) and MRC600 laser scanning 
confocal microscopy (BIO-RAD).
The percentage of F1 individuals 
detected to carry fluorescent Asaia 
cells varied depending on the 
recombinant strain provided to the 
parental males. In the progeny of 
males infected with Asaia strain 
SF2.1(DsRed) 63% of the offspring (19 
out of 30) harboured red-fluorescent 
bacteria, while the percentage of F1 
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Bacteria of the genus Asaia are 
associated with different species 
of malaria vectors and are located 
in the midgut, salivary glands and 
reproductive organs of female and 
male mosquitoes. Based on current 
evidence, the spreading of these 
bacteria in mosquito populations 
occurs through different mechanisms: 
co-feeding, sexual mating, and 
maternal transmission [1,2]. Even 
though paternal transmission of 
insect symbionts to progeny is not 
commonplace, the presence of Asaia 
in the male reproductive organs makes 
this additional transmission route worth 
being investigated. Here, we show 
that male-borne Asaia are transferred 
to females during the mating of 
Anopheles stephensi mosquitoes. 
Subsequently, the bacteria acquired by 
the female are vertically transmitted to 
the progeny. It would thus be possible 
to use male mosquitoes, which do not 
bite, to spread Asaia strains interfering 
with malaria transmission.
Although many insect symbionts 
are known to be vertically transmitted 
from mother to offspring [3], paternal 
transmission has rarely been reported 
[4]. We recently identified acetic 
acid bacteria belonging to the genus 
Asaia that are stably associated with 
different species of Anopheles vectors 
of malaria. Asaia is located in various 
tissues and organs, particularly 
the midgut, salivary glands and 
reproductive organs. Asaia cells are 
transmitted vertically from mother 
to offspring, as well as via horizontal 
routes, such as co-feeding and 
venereal contact [1,2]. The abundant 
presence of Asaia cells in the gonads 
of Anopheles males prompted us 
to investigate whether there is also 
paternal transmission to progeny.
Correspondencesentire oocyte at later stages. Finally, dorsal/anterior follicle cells migrate 
to form two dorsal appendages 
and the operculum as a result of a 
complex series of patterning events 
downstream from Grk signalling. 
These structures are critical in the 
mature egg for gas exchange and 
larval hatching, respectively.
Conclusions
In this primer we have introduced 
the process of Drosophila oogenesis 
and demonstrated the ways in 
which it is currently being used to 
investigate key questions in cell 
biology. It is a system simple enough 
to be tractable yet complex enough 
to allow the study of diverse cell 
behaviours. Drosophila oogenesis 
has provided important insight in the 
past and should continue to do so in 
the future. 
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